Neurons in the primate motor cortex, including identified pyramidal tract neurons projecting to the spinal cord, respond to the observation of others' actions, yet this does not cause movement in the observer. Here, we investigated changes in spinal excitability during action observation by monitoring short latency electromyographic responses produced by single shocks delivered directly to the pyramidal tract. Responses in hand and digit muscles were recorded from two adult rhesus macaques while they performed, observed or withheld reachto-grasp and hold actions. We found modest grasp-specific facilitation of hand muscle responses during hand shaping for grasp, which persisted when the grasp was predictable but obscured from the monkey's vision. We also found evidence of a more general inhibition before observed movement onset, and the size of this inhibition effect was comparable to the inhibition after an explicit NoGo signal. These results confirm that the spinal circuitry controlling hand muscles is modulated during action observation, and this may be driven by internal representations of actions. The relatively modest changes in spinal excitability during observation suggest net corticospinal outflow exerts only minor, sub-threshold changes on hand motoneuron pools, thereby preventing any overflow of mirror activity into overt movement.
2009), consistent with the congruence of mirror neuron responses during action execution and observation. Short-intracortical inhibition paradigms have suggested that excitability changes during action observation are primarily cortical in origin (Strafella and Paus 2000) . Monitoring of H-reflexes in upper limb muscles provides a measure of spinal excitability changes, and several studies have reported fluctuations in H-reflex amplitude during action observation with a profile similar to that of muscle activity occurring during execution of the same actions (Baldissera et al. 2001; Borroni et al. 2005; Montagna et al. 2005) . H-reflexes may be confounded by pre-synaptic inhibition, and are difficult to elicit in intrinsic hand muscles (Mazzocchio et al. 1995; Knikou 2008) , which are of particular relevance for grasping by virtue of their strong CM connections (Porter and Lemon 1993; McKiernan et al. 1998) . The net balance of cortical and spinal effects underlying excitability changes during action observation is uncertain due to variability across subjects and tasks (Naish et al. 2014; Hannah et al. 2018 ).
Stimulation of the pyramidal tract (PT) produces antidromic responses which can be used to identify PTNs, and also produces orthodromic descending volleys which exert direct and indirect actions on spinal motoneurons. PT stimulation has advantages for probing spinal excitability compared with stimulating the cortex or peripheral afferents, as the evoked descending volley is unaffected by cortical interactions, and is not thought to be subject to the spinal pre-synaptic inhibition affecting peripheral afferent inputs (Jackson et al. 2006) . Direct, monosynaptic excitation of hand muscle motoneurons from this volley gives rise to a shortlatency MEP in these muscles (Olivier et al 2001; Cerri et al 2003) , and the amplitude of the MEP should reflect post-synaptic excitability of the motoneurons during different phases of action observation, including any descending effects originating from mirror neurons. A more complete understanding of the pattern and extent of action observation activity not just within cortical networks, but also in the downstream spinal circuitry controlling hand muscles, could provide new insights into mechanisms for the generation and suppression of grasping movements.
Here, we assessed changes in excitability during action observation in the primate spinal cord via direct stimulation of the pyramidal tract (PT) in two rhesus macaques and comparison of the modulation of short-latency evoked responses in hand muscles. Mirror neurons have previously been shown to continue to modulate when the grasp is obscured (Umiltá et al. 2001) , and also been implicated in the suppression of movement (Kraskov et al. 2009 (Kraskov et al. , 2014 Vigneswaran et al. 2013 ) and inaction representation . We therefore also examined excitability changes when the availability of visual information of the observed grasp was altered, or an explicit stop signal was provided in place of the implied movement suppression required during passive observation.
MATERIALS & METHODS

Animals
Experiments were performed on two adult male purpose-bred macaque monkeys (Macaca mulatta: M48, 12.2 kg and M49, 10.5 kg). All experimental procedures were approved by the UCL Animal Welfare and Ethical Review Body and carried out in accordance with the UK Animals (Scientific Procedures) Act. The monkeys were singly-housed according to veterinary advice, in a unit with other rhesus monkeys, with natural light and access to an exercise pen and forage area. Both monkeys are continuing to participate in experiments.
[FIGURE 1 near here. Task description. Single column grey]
Task
The monkey and a human experimenter sat opposite each other, with a custom-designed experimental box placed between them (Fig. 1A) . Two homepads faced the monkey, with an additional one in front of the experimenter. Two target objects were present in the peri-personal space of both the monkey and the experimenter -a trapezoid object (base: 30mm height: 27.5mm, width/depth: 20mm) affording precision grip (PG) and a sphere (radius 20mm) affording whole-hand grasp (WHG). The distance between the objects' centres of rotation was 76mm. Four LEDs surrounded the objects and were used to provide trial information. The monkeys were able to see the objects through a controllable LCD screen (14x10cm), which remained opaque between trials. Trials were initiated after a short inter-trial interval (1-2s), after the monkey had depressed the two homepads with both hands, and the experimenter depressed their homepad on the opposite side. The LCD screen became transparent (LCDon, Fig. 1B ), and the object field was illuminated. After a short delay (0.25-0.45s), two orange LEDs indicated the upcoming object and required grasp (PG or WHG) and acted as a warning signal (object cue: ObjCue). After a further delay (0.8-1.2s), the trial type was indicated as execution (green LED on monkey side), observation (green LED on experimenter side), or NoGo (red LED on monkey side). On execution trials, the green LED acted as the Go cue for the monkey to release the right homepad (homepad release; HPR), reach towards, and grasp the target object (displacement onset; DO) using their right hand and the appropriate grasp ( Fig. 1A inset). The monkey then clockwise-rotated the object by at least 30°, and held it there for 1s (hold on to hold off; HO-HOFF). The force level required to maintain a grasp was approximately 3N for both objects. A static tone indicated that the monkey was in the hold position, and a second, higher, tone followed to indicate successful completion of the hold. The monkey released the object and returned to the homepad (homepad return; HPN). On observation trials, the roles were reversed, and the experimenter performed the same reach-to-grasp action using their left hand, while the monkey remained still on the homepads.
Observation trials were split into three sub-types. On Visible Observation trials, the screen remained transparent until HPN. On Hidden Grasp trials, the screen became opaque 0.15s after HPR, so that the monkey knew the upcoming grasp (via the ObjCue and Go cue), and saw the initial part of the experimenter reach, but could not see the grasp itself. On Hidden Cue&Grasp trials, object cues were provided to the experimenter via different LEDs (not visible to the monkey), and the screen became opaque at the moment of the Go cue. The monkey therefore could not see the grasp, as well as having no information about which object would be grasped. The hold and reward tones were retained for all trial types. On NoGo trials, the red LED instructed the monkey to remain still on the homepads for 1s until a tone indicated successful completion of the trial. The monkey received a small fruit reward for each successfully completed trial of any condition. All trial types and objects were presented in pseudo-random order, in a 20:6:6:3:5 ratio (Execution, Visible Observation, Hidden Grasp, Hidden Cue&Grasp, NoGo), with the higher proportion of Execution trials used to encourage monkeys to remain engaged in the task. Incorrectly performed trials, defined by inappropriate release of a homepad or a violation of timing constraints within the task, were detected and aborted online by the experimental software, not rewarded, and excluded from all analyses.
Surgeries
Three separate and well-spaced surgical procedures were required to prepare the monkeys for these experiments. First, monkeys were implanted with a ring-shaped TekaPEEK headpiece, secured to the skull for stable head fixation, both for these recordings and other related experiments. In a second surgery, EMG electrodes were subcutaneously tunnelled from a connector on the headpiece through to the right arm and chronically implanted into 12 muscles in the arm and hand. In a third surgery, two tungsten electrodes were stereotaxically implanted in the left medullary pyramid in an anterior-posterior configuration. Each electrode was lowered in 0.5mm steps while single test stimuli of 300μA were delivered at regular intervals. The stimulus configuration was either monopolar against ground on skin, or bipolar between the electrodes. The final electrode position was determined on the basis of the threshold of the antidromic volley recorded via a ball electrode placed on the dura over the left primary motor cortex. Electrodes were fixed at a location eliciting the lowest threshold antidromic volleys (<50μA), with no additional signs of facial or hypoglossal activation (Kraskov et al. 2009 ). All surgeries were performed under aseptic conditions, under full general anaesthesia (ketamine 0.1ml/kg i/m, maintained with 1.5-2% isoflurane in O2). Monkeys were recovered in a padded cage overnight, and treated with antibiotic and analgesic medication before and after surgery.
PT stimulation
We delivered single bipolar, biphasic stimulus pulses (each phase 0.2ms) between the two chronically implanted electrodes continuously during task performance (300μA every 500ms in M48, 350μA every 600ms in M49). PT stimulation elicited MEPs in the right hand. Stimulus current was monitored at all times, and evoked EMG responses at rest, when present, were of moderate amplitude and submaximal. These parameters were similar to those used in separate sessions for antidromic identification of pyramidal tract neurons in PMv and M1. The stimulus frequency reflected a compromise between obtaining a sufficient number of responses within each session, avoiding any summation across consecutive responses, and ensuring that the monkey tolerated the stimulation and maintained good task performance.
Recording
Stimulation was delivered to the left medullary pyramid during task performance over 5 separate sessions in each monkey. Monkeys performed roughly 25 trials each in the Visible and Hidden Grasp observation conditions, 12 trials in the Hidden Cue&Grasp observation condition, 20 NoGo trials, and 80 execution trials, per session and object. We simultaneously recorded EMG activity from muscles in the right arm and hand, including three intrinsic hand muscles (first dorsal interosseous (1DI), thenar eminence, and abductor digiti minimi (AbDM)).
To confirm absence of EMG activity during action observation, we also recorded from the biceps muscle, and several forearm extensors and flexors (abductor pollicis brevis (AbPL), extensor digitorum communis (EDC), extensor carpi ulnaris (ECU), flexor digitorum profundus (FDP), flexor carpi ulnaris (FCU), flexor carpi radialis (FCR), brachioradialis (BRR)). We also recorded from the extensor carpi radialis longus (ECR-L) in M48, and the deltoid in M49. EMG was hardware high-pass filtered at 30Hz, amplified 2000x or 5000x, and sampled at 5 kHz.
We simultaneously recorded the timing of all task events and PT stimuli (25 kHz), and analog object displacement and homepad pressure signals (5 kHz). All signals were stored on an offline computer for later analysis. In separate sessions, we recorded eye movements from each monkey's right eye using a non-invasive ISCAN camera system (ETL-200, 125Hz), which was located ~25cm away from, and ~17cm above the objects. No explicit fixation criteria were imposed on the monkeys during the task.
Data Analysis
EMG
For visualization of overall EMG activity during task performance without PT stimulation, signals were rectified, and bandpass-filtered (30-500Hz, 4th order, zero-phase Butterworth).
EMG signals were downsampled to 500Hz, further smoothed with a 100ms moving average and aligned to the Go/NoGo cue for each correct trial, normalized to the 99th percentile across all trials within each channel, and then averaged across trials.
Behaviour
Object displacement and homepad signals were also aligned to the Go/NoGo cue for each correct trial, normalized to the 99th percentile across all trials and channels (displacement, monkey homepads or human homepad separately), and averaged across trials. On execution and observation trials, we defined reaction time as the time between the Go cue (LEDon) and HPR, and movement time as the interval between HPR and DO.
Eye Movements
The location of each object was estimated from a smoothed (24ms moving average) x-y map of eye movements on monkey trials. First, maximally visited locations in the 400ms intervals (+/-200ms) around Go and HPR were identified. Monkeys typically fixated on the target object LED around the Go signal, and around the object at HPR. The range of horizontal and vertical eye positions visited at least half as often as these maximally visited locations were then used to form a rectangular window estimate for each object's location. These windows included the objects and their corresponding LEDs on the monkey side, and subtended a visual angle of approximately 5. The two windows were confirmed to be non-overlapping in the x-direction for each session, but given the unequal position of the two objects relative to the camera, were allowed to have different sizes in the y-direction. Heat maps of gaze behaviour produced for each session clearly indicated well-separated locations of the relevant LED and object during the ObjCue and execution reach-to-grasp periods, respectively.
Within a session, we aligned data to different task events and defined, for each condition and timepoint separately, a dwell likelihood, the proportion of trials in which the monkey's gaze fell within either the window for the target object, the other object, or neither window. A dwell likelihood equal to 1 for a given 24ms time window thus indicates that the monkey's gaze fell within the corresponding spatial window at that time window on every trial, whereas a dwell likelihood of 0 indicates that the monkey never looked within the window at that time point. The resulting dwell likelihoods were then averaged across sessions, and expressed as meanSEM at each time point.
Motor-evoked potentials (MEPs)
To quantify MEP amplitude modulation across the task, we initially grouped stimuli times across each session into 300ms-long bins aligned to salient task events. 1. -300 to +300ms around LCDon (2 bins), 2. -1200 to +300ms around LEDon (5 bins) 3. -300 to +300ms around HPR (2 bins) 4. -300 to 1500ms around DO (6 bins). Responses to stimuli falling outside any of these bins (e.g. in the inter-trial interval), and the corresponding evoked responses, were excluded from further analysis. For the NoGo condition, only the first 2 alignments (7 bins) were defined. As we recorded EMG in a range of hand and arm muscles, we were able to quantitatively exclude MEPs which may have been influenced by voluntary EMG. To do so, we used the absolute average of all raw pre-stimulus EMG segments (100ms period immediately before the stimulus) in the two bins around LCDon (-300ms to +300ms) to determine muscle-specific thresholds. Any stimulus during passive periods of the task (all observation and NoGo bins, execution bins before the Go cue) for which the average absolute pre-stimulus EMG in any muscle exceeded 5 standard deviations (S.D.) of the mean were discarded. If any trial contained more than 2 contaminated MEPs, all MEPs from that trial were discarded. This resulted in 2.30.3% (meanstandard error) of MEPs being discarded in M48, and 1.60.8% in M49, with no more than 4% discarded in any session. A stricter threshold of 3S.D. of the mean resulted in higher discard rates (M48: 7.80.8% M49: 7.60.1%), but did not qualitatively change any of the results. For each muscle and MEP, the peak-to-peak (peakto-trough) amplitude was extracted from the raw unrectified EMG traces in the 5-14ms period after stimulus delivery. Peak-to-peak amplitudes were then averaged within each bin and session, and these averages were normalized to the average amplitude across conditions of the 300ms bin beginning at LCDon.
Statistical Analysis
To assess modulation during observation, we performed planned comparisons of MEP amplitude across five epochs of interest for Visible and Hidden Grasp observation conditions via 2-way ANOVA (factors EPOCH x OBJECT (PG, WHG). The five epochs were as follows:
1. Baseline (0 to 300ms from LCDon), 2. ObjCue (-300 to 0ms before Go/NoGo), 3. Reaction (0 to 300ms from Go/NoGo cue), 4. Hand Shaping (-300 to 0ms before DO), and Grasp (0 to 300ms from DO). The Hidden Cue&Grasp condition was identical for both objects and contained a lower number of trials per object, and showed no significant differences in the 2way ANOVA. We therefore pooled MEPs from trials for both objects in this condition and assessed modulation via a 1-way ANOVA across the same five epochs.
We performed an additional 2-way ANOVA (factors CONDITION x OBJECT) to compare directly across the 3 observation conditions and 2 objects during the Hand Shaping epoch.
To assess modulation of MEPs during NoGo in relation to execution and observation, we For all analyses, significant ANOVA results were followed by post-hoc tests where appropriate, with Tukey-Kramer correction for multiple comparisons. P-values ≤ 0.05 (corrected) were considered significant.
All data processing and analysis was performed using custom-written scripts in Matlab 2016b (The MathWorks, Inc., Natick, MA, USA).
RESULTS
To assess modulation of spinal excitability during action observation, we recorded MEPs elicited by direct stimulation of the medullary pyramid while monkeys passively observed a human experimenter performing cued reach-grasp-and-hold movements. These observation trials were randomly interleaved with execution trials, in which the monkeys performed the same movements themselves, and NoGo trials, where the monkeys were explicitly cued to refrain from movement. Furthermore, on a subset of observation trials, a controllable LCD screen was used to modulate visual information provided to the monkeys about the upcoming grasp.
[FIGURE 2 near here. Behavioural data: EMG, task channels and eye-movements.
Double column, colour]
EMG and Task performance EMG activity recorded during sessions without stimulation showed distinct patterns for the different grasps during action execution. In the action observation (full visibility) and NoGo conditions, there was no systematic EMG activity ( Fig. 2A In separate sessions, we recorded eye movements in each monkey to assess whether monkeys attended to the observation task, and verify that the opaque screen successfully abolished the visual information available to the monkey about the upcoming grasp. For each trial and time point we defined whether the monkey's gaze fell within a window around (a) the target object for the given trial, (b) the other (non-target) object, or (c) outside of both windows (see Methods). Fig. 2C shows, for each condition, time point, and monkey, the likelihood that gaze fell within the target object window. A value of 1 indicates that the monkey's gaze was within the target object window at that particular time point on every trial. These values are averaged across sessions, so that the error reflects the variability across sessions, and the mean value itself reflects variability in gaze within a session. Both monkeys reliably began to look at the target object over the course of the Object Cue period, except during Hidden Cue&Grasp trials where they did not exceed chance (0.5), and looked away after the Go cue (when the screen went off). During Visible and HiddenGrasp observation, M48 maintained gaze until shortly after experimenter HPR, and tended to remain longer and occasionally view the actual grasp and hold on Visible Observation trials. In these conditions, M49 looked away earlier, before occasionally returning gaze to the target object during the reach and grasp.
On execution trials, monkeys maintained gaze until DO (M48) or late reach (M49), frequently looked away while maintaining stable hold, and tended to return gaze to the object in the leadup to the end of the hold. In the NoGo condition, both monkeys gaze behaviour showed a similar pattern to observation trials, viewing the target object during the ObjCue period and then deviating shortly after the NoGo cue. Both monkeys also returned to the target object towards the end of the trial (1s after the NoGo cue), possibly in expectation of the extinguishing of the LED marking the end of the trial and subsequent reward. Table 2 ). Figure 3A shows single sweep responses to PT stimulation in the 1DI muscle (M48) during the observation grasp interval, with a latency of 9-10ms, consistent with monosynaptic activation of spinal motoneurons (Olivier et al. 2001; Cerri et al. 2003) . In several muscles in M49, we observed some unusually long-latency effects during passive periods of the task, which sometimes dominated, but were also often present in tandem with short-latency responses ( Fig. 3B, see Discussion) . For the purposes of this study, we focused on the short-latency responses typical of direct (monosynaptic) excitation of spinal motoneurons. As we did not attempt to optimise the stimulation intensity for each muscle, the amplitude of MEP responses was also variable across muscles. Figure 3C and D show examples of averaged MEPs from five muscles in each subject. For further analysis, we concentrated on distal muscles (1DI, thenar complex and AbDM) most relevant for the grasp, due to the known stronger CM connections to these muscles (Nakajima et al. 2000) compared with proximal muscles (Porter and Lemon 1993; McKiernan et al. 1998; Morecraft et al. 2013 ). The AbDM muscle in M48 was excluded because of a high level of noise in the recorded signal.
[FIGURE 4 near here. MEP task modulation. Double column, grey]
Task-dependent modulation of spinal excitability
To examine the temporal modulation of MEP amplitude during the different conditions, we calculated the mean peak-to-peak amplitude of MEPs within 300ms bins across different stages of the task. Figure 4 shows examples of averaged 1DI MEP responses obtained during Baseline and Hand Shaping task periods on execution and observation trials for PG and WHG.
For PT stimuli during Baseline, the resulting MEPs were unsurprisingly comparable across the different task conditions (Fig. 4A ). By contrast, during Hand Shaping for PG ( Fig. 4B ), clear differences emerged in the amplitude of MEPs across the different observation conditions;
these changes were less pronounced for WHG ( Fig. 4C ). While MEP amplitudes increased in the Visible Observation and Hidden Grasp conditions, they remained close to baseline in the Hidden Cue&Grasp condition. Execution MEPs, shown on a different scale, were much larger at this point and contaminated by voluntary EMG activity.
[FIGURE 5 near here. Observation Grasp. Double column, colour]
We next examined the profile of modulation across time, conditions, and sessions. For responses in 1DI of M48 (Fig. 5A) , facilitation of spinal excitability during the object presentation period was apparent in all conditions except for Hidden Cue&Grasp observation (green), where LED cues regarding the upcoming trial were not visible, and the MEPs remained close to baseline. MEPs following the imperative Go/NoGo cues then suppressed back to baseline levels or somewhat below, except during execution. Following this, unobstructed observation of PG produced an increase in 1DI MEPs (orange trace), which was particularly prominent during final hand shaping leading up to the experimenter's grasp. When the grasp was obscured but the monkey had seen the object and Go cues (Hidden Grasp condition), a very similar facilitation profile was observed, with a 50% increase in MEP size in the lead up to grasp. During the Hidden Cue&Grasp condition, on the other hand, when the grasp was obscured and the monkey did not know which object was being grasped, MEPs did not modulate to the same extent. Observation of WHG also showed some facilitation effects around the time of the grasp, but these were weaker than for PG, particularly during the Hidden Grasp condition. During execution, 1DI MEPs were substantially increased from the lead-up to HPR until the end of the trial, reflecting the corresponding increase in spinal excitability during the monkey's own movements. We observed some qualitatively similar modulation in the AbDM muscle of M49, with an increase in excitability during the observation of hand shaping and grasp for PG, although these effects were generally weaker (Fig. 5B ).
To assess quantitatively the modulation of MEP size during action observation, we compared MEP amplitudes across five salient epochs in the observation trial sequence: Baseline, Object Cue, Reaction, Hand shaping and Grasp (2-way ANOVA, see Methods). In M48, there was a main effect of EPOCH during Visible Observation and Hidden Grasp conditions in 1DI (both p < 0.0001), and thenar (p < 0.0001 and p = 0.0068, respectively). Post-hoc comparisons across epochs revealed that 1DI MEPs in these two observation conditions were larger during Hand shaping relative to Baseline (35-40%, both p < 0.005, indicated by orange and purple asterisks on Fig 5A) and Reaction (50-65%, both p < 0.0003) epochs (Fig. 5A ). The Hidden Grasp condition also showed an interaction of epoch and object (p = 0.045), and 1DI MEPs during hand shaping for PG were significantly larger than those during WHG (p = 0.021). Visible Observation and Hidden Grasp MEPs during the ObjCue epoch were also facilitated relative to those during Baseline and Reaction in 1DI (all p < 0.05).
In M49, short-latency responses in the 1DI muscle of M49 were generally weak, but more apparent in AbDM (Fig. 3B,D) . Nonetheless, a 2-way ANOVA (EPOCH x OBJECT) revealed significant main effects of EPOCH during Visible Observation and Hidden Grasp conditions in 1DI (F4,40 > 2.9, p < 0.05), Thenar (F4,40 = 4.9, p < 0.003), and AbDM (F4,40 = 4.3, p < 0.006). In all three muscles, MEPs during Hand Shaping in Visible and Hidden Grasp conditions were 20-35% larger than those in the Reaction epoch (all p < 0.03), although modulation relative to Baseline was limited. Across both monkeys and all three muscles, the Hidden Cue&Grasp condition showed no modulation across epochs (all p > 0.3).
Given these results, we next assessed whether visual or predicted information about the observed grasp affected spinal excitability, by comparing directly across the three observation conditions within the Hand Shaping epoch (2-way ANOVA). In 1DI of M48, this revealed a significant main effect of condition (F2,24 = 5.70, p = 0.009) and object F1,24 = 5.84, p =0.024), since PG MEPs were larger than those during WHG. During hand shaping, Visible and Hidden Grasp MEPs were not different from each other across objects (p = 0.61), but were larger than those in the Hidden Cue&Grasp condition, by almost 50% in the case of PG (Visible Obs: p = 0.0085, Hidden Grasp: p = 0.07, post-hoc tests collapsed across objects). In the thenar muscle, there was also a main effect of condition (F2,24 = 6.38, p = 0.006), and MEPs in Visible and Hidden Grasp conditions were not different to each other (p = 0.53), but again larger than those during Hidden Cue&Grasp (p = 0.0052 and p = 0.06 respectively, post-hoc test collapsed across objects). MEPs in M49 showed no significant differences between observation conditions.
[FIGURE 6 near here. MEP suppression. Double column, colour] Finally, to assess evidence of suppression associated with action observation and action withholding, we compared MEP amplitudes in the two bins before and after the Go/NoGo cue (ObjCue and Reaction) across three conditions (Execution, Visible Observation, and NoGo), and two objects (Fig. 6, 3 -way ANOVA). All muscles showed significant Condition x Epoch interactions (all p < 0.0001). There was no difference between any of the three conditions during the ObjCue period (all p > 0.9). During the Reaction period, which was before any movement ( Supplementary Table 1 ), execution MEPs were consistently larger than Observation and NoGo MEPs, and larger than ObjCue MEPs (all p < 0.0001). Observation MEPs showed a 15-30% suppression across monkeys and hand muscles during the Reaction interval relative to ObjCue, which was frequently significant (p < 0.05). NoGo MEPs tended to show a similar suppression of 10-30%, and observation and NoGo MEP amplitudes during
Reaction were comparable (all p > 0.7).
DISCUSSION
During action observation in macaques, there is modulation in the activity of corticospinal outputs from both premotor and primary motor cortex (Kraskov et al. 2009; Vigneswaran et al. 2013 ). Similar inferences have been made from human TMS studies probing corticospinal excitability (Fadiga et al. 1995; Gangitano et al. 2001; Montagna et al. 2005; Urgesi et al. 2006; Cattaneo et al. 2009; Bunday et al. 2016 ), yet these changes do not result in overt movement in the observer. Although spinal circuitry represents the final common path for the neural signals generating or suppressing muscle activity and movement, our understanding of the influence of action observation on this circuitry remains limited.
Observation of grasp produces facilitation at the spinal level
During the observation of grasp, we found facilitation in the 1DI muscle ( Fig. 4 and 5A) , consistent with previous results reporting sub-threshold modulation in human corticospinal excitability during action observation (Fadiga et al. 1995; Gangitano et al. 2001; Urgesi et al. 2006; Cattaneo et al. 2009; Bunday et al. 2016) . In monkeys, there is an overall disfacilitation of corticospinal outputs during action observation (Kraskov et al. 2009; Vigneswaran et al. 2013 ), but the net effects of this disfacilitation at the spinal level were not tested directly, since the spinal targets of these corticospinal mirror neurons was largely unknown. The results presented here demonstrate that grasp-related mirror activity in descending pathways can produce sub-threshold increases in net excitability within spinal circuitry. This facilitation was most prominent during Hand Shaping before the grasp, and just after the grasp itself. Previous findings in humans suggest that corticospinal excitability modulations peak at the time of observed maximal hand aperture (Gangitano et al. 2001) , while dynamic stages of the action are ongoing (Urgesi et al. 2006 (Urgesi et al. , 2010 , or at the time when grasp is achieved (Gueugneau et al. 2015) , and the peak of the observation response in macaque mirror neurons often occurs prior to, or around, the grasp (Vigneswaran et al. 2013) .
Facilitation in the 1DI muscle was more pronounced for observation of PG rather than WHG ( Fig. 5A ), although this effect was relatively weak. Grasp and muscle-specific changes in corticospinal excitability occur during action execution (Lemon et al. 1995; Davare et al. 2008 Davare et al. , 2009 , and action observation (Catmur et al. 2007; Sartori et al. 2012; McCabe et al. 2015; Bunday et al. 2016) , and at the cortical level, many macaque mirror neurons show congruence between the executed and observed action most effective in activating them . The index finger and 1DI muscle are important for PG execution (Muir and Lemon 1983; Bennett and Lemon 1996; Quallo et al. 2012) , and 1DI MEPs are modulated during execution in a time-locked, grasp-specific manner (Davare et al. 2008 (Davare et al. , 2009 ). The relatively larger modulation of spinal excitability during PG in the 1DI suggests that action observation activates some of the same spinal circuitry which is used when the monkeys perform the grasp themselves. However, the evidence for specificity of corticospinal excitability modulation during action observation is mixed (Naish et al. 2014) , and congruence in cortical mirror neurons is often broad . Additionally, the PG and WHG performed by the monkeys in the present task were complex, multi-phasic actions. As such, recording of muscle activity during execution verified that the modulation during observation was complementary to the activation profile of the muscles during execution, demonstrating greater 1DI activation during PG execution than during WHG ( Fig. 2A and B) . Facilitatory effects during observation of grasp were generally weaker in M49, with the AbDM muscle showing modest facilitation during Hand Shaping relative to Reaction, but not compared to the Baseline (Fig. 5B) . One possible explanation for the weaker effect in this monkey may have been the small amplitude of shortlatency responses, with several muscles showing late responses with latencies of 15-16ms, i.e. at least 5ms longer than the short latency MEPs (Fig. 3B and D) . These long-latency effects were present during action observation, when ongoing EMG activity was absent, and disappeared from MEPs evoked during action execution. They were probably mediated by pathways other than the fast CM component of the corticospinal tract, which might include reticulospinal pathways (Riddle et al. 2009 ) and propriospinal pathways (Isa et al. 2006; Isa 2019 ) activated by corticospinal collaterals. However, the additional latency suggests rather indirect, oligosynaptic actions.
A further factor potentially influencing grasp-related facilitation effects during action observation is the behavioural strategy adopted by the two animals, as reflected in their eyemovement patterns (Fig. 2C) . Monkeys were allowed to gaze freely during all conditions, which we believe provides a more ethological way to study action observation. M49 consistently diverted gaze from the target object shortly after the Go/NoGo cue which indicated that no response was required, and showed a small tendency to return around the time of the grasp, possibly reacting to the experimenter's movement. On the other hand, M48 more often maintained gaze on the target object after the experimenter's movement had begun. A previous study suggested that gaze behaviour during action observation can modulate mirror neuron activity (Maranesi et al. 2013) , although almost half of recorded PMv mirror neurons in that study did show gaze-independent modulation during observation. A recent TMS study using simple, single finger movements found that gaze fixation at the point of movement facilitated MEPs relative to free gaze (D'Innocenzo et al. 2017) . Given the more complex movements used in the present task, and trial-to-trial variability of free gaze behaviour, further interpretation of the relationship between eye movements and excitability changes in motor pathways during naturalistic action observation, if present, would require simultaneous recordings. From the current data, we speculate that M48 spent more time collecting information about the forthcoming action, presumably for updating of an internal model for better prediction of the upcoming observed grasping action (Kilner et al. 2007) .
Differences in available visual information modulate the response to action observation
A secondary aim of this study was to probe the spinal response during action observation when the amount of visual information available to the monkey was altered. Previously, F5 mirror neurons have been shown to continue to modulate their response even when the grasp was obscured (Umiltá et al. 2001; Kraskov et al. 2009 ), or only auditory cues are available (Kohler et al. 2002) , suggesting that mirror activity is not simply a passive visual response, but an unfolding of the internal representation of the action, reflecting a prediction about the action goal (Kilner et al. 2007 ). Here we found spinal facilitation was still present in the 1DI of M48 when the view of the grasp was obscured, but the type of grasp was known to the monkey i.e. perfectly predictable. This facilitation showed the same pattern as seen during visible observation (Fig. 5A) , with a preference for PG, in which the 1DI muscle is intimately involved ( Fig. 2A) (Muir and Lemon 1983; Maier et al. 1993; Quallo et al. 2012) . Importantly, the pattern of eye movements in the Hidden Grasp, but not Hidden Cue&Grasp condition, was similar to the Visible Observation condition, suggesting that the monkeys frequently anticipated the target object even though it was not visible, but only if they had seen the object cue.
Interestingly, the modulation in the Hidden Grasp condition had a tendency to remain for longer than that seen in the Visible Observation condition. In this latter condition, the monkeys can accurately predict the end stage of the grasp, which may lead to an earlier attenuation of excitability changes (Urgesi et al. 2006 (Urgesi et al. , 2010 . This persistence of action observation modulation in the absence of direct visual input suggests that, even at the spinal level, the internal representation of an upcoming action may be sufficient to modulate excitability.
Previous evidence for comparable changes in corticospinal excitability during hidden action observation is limited, with changes relative to full vision observation and a resting baseline either weak or not tested (Villiger et al. 2011; Valchev et al. 2015) . In our task, information about the general trial structure (via hold window and reward sounds) was available to the monkey on both visible and hidden trial types, and auditory cues have been shown to elicit mirror responses (Kohler et al. 2002; Alaerts et al. 2009 ). These sound cues were not graspspecific, but may have been sufficient to trigger a more general mirror response in the welltrained monkeys, accounting for some of the non-specific facilitation later in the trial (Fig. 5A ).
Suppression of excitability during suppression of movement
Alongside the grasp-related facilitation during action observation, we were also able to assess spinal excitability at the stage prior to reaching and grasping, at the time when the monkey had to initiate the movement on execution trials, or remain still on observation trials. In both monkeys, we found evidence for suppression of MEPs during this period (Fig. 6 ) which was comparable in amplitude to when they explicitly suppressed their movement after being cued with a NoGo signal. This suppression following the Go/NoGo cue is consistent with the notion that action observation implicitly requires movement suppression (Kraskov et al. 2009 (Kraskov et al. , 2014 Vigneswaran et al. 2013) , and suggests that the neural substrate for this suppression overlaps with that involved in the explicit suppression of movement. This finding contrasts with a previous study, which found many mirror neurons which also responded to an observation-NoGo condition, but not when the monkey suppressed its own movement ).
The different findings in our experiment may be due to the use of an interleaved task design and relative timing of the NoGo cue. The monkeys had to decide at matched time points on a trial-by-trial basis whether to generate or suppress movement, which is different from the block design used by Bonini et al. (2014) , where it was clear from the outset of all trials within a block whether the monkey would be executing or observing actions. The Go/NoGo cue was then provided as an auditory cue prior to object presentation, meaning that, unlike in our study, the action or inaction could be predicted in advance .
During the ObjCue period preceding the Go/NoGo cue, we observed a consistent increase in excitability across all conditions in which the object cue was provided in M48, with relatively little change in M49. Premotor and motor cortex are known to show anticipatory activity prior to intended movements (Tanji and Evarts 1976; Weinrich and Wise 1982; Alexander and Crutcher 1990; Riehle and Requin 1993; Churchland et al. 2006 ) and preparation-related changes also occur at the spinal level (Prut and Fetz 1999; Fetz et al. 2002) . Suppression of corticospinal excitability during movement preparation has been hypothesised to have important roles in response selection and impulse control (Hasbroucq et al. 1999; Duque and Ivry 2009; Duque et al. 2010; Greenhouse et al. 2015; Lebon et al. 2016) . In premotor area F5, a substantial proportion of neurons are active during object presentation, in a manner reflecting upcoming grasp (Murata et al. 1997; Raos et al. 2006; Umiltá et al. 2007) . In our task, the non-cued object was still present within the monkey's field of view for the duration of the trial, and the absence of object specificity during this pre-movement stage suggests this response is distinct from grasp-specific facilitation reported in F5 neurons during object presentation (Raos et al. 2006) . We therefore consider it more likely that the different levels of modulation during ObjCue in the two monkeys arise due to qualitatively different strategies.
Eye movement recordings suggest that M48 was more attentive during action observation than M49 (Fig. 2C) , and in extracellular recordings of PTNs in M1 in the same monkeys (unpublished observations), we generally found higher proportions, and greater modulation, of mirror neurons in M48. Along with possible inhibitory mechanisms at cortical and sub-cortical levels, attentional and motivational factors of the specific monkey may influence activity in cortical and spinal motor circuitry during action observation.
Conclusions
Here, we used direct stimulation of the pyramidal tract to probe the modulation of spinal excitability during preparation, observation, and explicit suppression of reach-to-grasp actions.
The MEPs elicited by PT stimulation reflect post-synaptic mechanisms in α-motoneurons. PT stimulation therefore offers a useful and unique method for probing excitability of spinal circuitry controlling the hand in the awake, behaving animal.
Our results confirm that the motoneuron pools innervating the hand undergo sub-threshold modulations during action observation. We found an increase in excitability at the spinal level around the observation of hand shaping and grasp, particularly in the 1DI muscle during PG, suggesting that the same spinal circuits which are recruited during PG performance are modulated when the same action is observed. This excitability was still apparent when the grasp was obscured but predictable, indicating that predictive activity of cortical mirror neurons can reach and excite motoneurons in the spinal cord. This increase in excitability was preceded by a relative suppression in the lead-up to the observation of movement. This was comparable to the suppression when the monkey withheld movement, and may support the suppression of movement during action observation. Our previous findings showed that descending activity from PTNs in PMv, and particularly in M1, is attenuated during observation, and we inferred from those results that hand motoneurons would receive less excitation than during execution.
Here we used a more direct assessment of spinal motoneuron excitability and the relatively modest effects, and balance of excitation and inhibition, provide further evidence that the net effects of motor cortical output during the different stages of action observation must be limited such that spinal motoneuron pools remain sub-threshold to movement. other with the experimental box between them, and rested hands on homepad sensors. The monkey viewed two target objects through a controllable LCD screen. LEDs around the target objects first indicated the upcoming object (ObjCue) followed by the trial type (Execution, Observation, or NoGo). 2 LEDs on experimenter's side were used on Hidden Cue&Grasp trials to selectively withhold trial information from the monkey. Inset shows the trapezoid and sphere objects, and the precision and whole-hand grasps, respectively, used by the monkey to grasp the objects on execution trials. (B) Schematic of object displacement and homepad signals, and corresponding task events on Go trials. Two arrows denote times at which the screen became opaque on hidden trials -Hidden Cue&Grasp (at Go cue), Hidden Grasp (0.15s after experimenter HPR). On Hidden Cue&Grasp trials, object and go cues were not visible to the monkey. Numbered intervals 1-5 indicate epochs used for statistical analysis of MEPs. Vertical lines and labels denote time of task events, detected online by experimental software and used for later alignment. LCDon: LCD screen becomes transparent, ObjCue: two orange LEDs indicate the upcoming object and required grasp; HPR: homepad release, DO: object displacement onset, HO: hold on, HOFF: hold off, HPN: homepad return. 
